áae«∏dG Ö°ûÿG ÉjÉ≤ÑH ƒ°ûÙG øjÒà°SG ‹ƒÑ∏d á«µ«eÉaej~dG Éµ«fÉµ«ŸG ¢üFÉ°üN OGƒ÷G ~ÑY Oƒªfi á á°°U UÓ Óÿ ÿG G ¢üFÉ°üÿG .Qƒ¡°üŸG §∏N á≤jô£H §∏ıG øjÒà°SG ‹ƒÑdG Ò° -".(∫ƒe/ºL28000) ‹É©dG Åjõ÷G ¿RƒdG …P øjÒà°SG ‹ƒÑdG ¤G Ö°ûÿG IQÉ°ûf ÉjÉ≤H ¬aÉ°VE G â" : ¢üFÉ°üÿG ¿G ÚÑJ åëÑdG øeh .á«fÉK/áØd 100 ¤G 1 ÚH Ée OOôJ h ájƒÄe áLQO 240 ¤G 140 ÚH Ée IQGôM äÉLQO ~Y Î«eƒÁôdG RÉ¡L á£°SGƒH Ég~j~-" á«LƒdƒjôdG .á«µ«à°SÓH √OÉªc ™°ShG ¥É£f ≈∏Y É¡eG~îà°SG øµÁ É ‡ øjÒà°SG ‹ƒÑdG ¤G á«Ñ°ûÿG äÉØ∏ıG √òg áaÉ°VÉH GÒãc âae°ù-~b á«LƒdƒjôdG ä äG GO Oô ôØ ØŸ ŸG G á á« «M MÉ Éà àØ ØŸ ŸG G .áLhõ∏dG ,»cô◊G »µ«fÉµ«ŸG π«∏ëàdG , §«∏ÿG ,Ú∏dG Ö°ûÿG IQÉ°ûf :
fillers available throughout the world, nonfood agricultural-based economy, low energy consumption, cost and density, high specific strength and modulus, high sound attenuation of lignocellulosic-based composites, comparatively easy processability due to their nonabrasive nature, which allows high filling levels, resulting in significant cost savings, and relatively reactive surface, which can be used for grafting specific groups. Moreover, the recycling by combustion of lignocellulosic-filled composites is easier compared to inorganic fillers systems. Therefore, the possibility of using lignocellulosic fillers in the plastic industry has received considerable interest and the study of cellulosic materials reinforced polymer composites that contain cellulosic materials has been recognized as an important area of research for over a decade (Bledzki, A.K., Reihmane, S. and Gassan, J., 1996; George, J., Bhagawan, S.S., Prabhakaran, N. and Thomas, S., 1995; Lowys, M.P., Desbrieres, J. and Rinaudo, M., 2000; Felix, J.M. and Gatenholm, P., 1991; Swerin, A., 1998; Gatenholm, P., Bertilsson, H. and Mathaisson, A., 1993) .
Environmental concerns generated by plastic materials are generating an increasing interest toward the development of ecological products. The use of disposable plastics increases the undegradable waste portion, for this reason, it is necessary to develop more recyclable and/or biodegradable plastics to reduce the amount of landfill. Where that method of land-filling will prevent the plant roots to grow and as a result the agriculture will negatively be affected. In addition plastics waste has considerable volume since the weight of it in the waste stream is only 8 percent, but it takes up nearly 20 percent of the volume in landfills.
The composites of natural fibers and non-biodegradable synthetic polymers may offer a new class of materials, but are not completely biodegradable. The designing materials compatible with the environment becomes the target from the government regulations and growing environmental awareness throughout the world.
Dynamic mechanical tests give more information about a composite material than other tests. The tests, over a wide range of temperatures and frequencies, are especially sensitive to all kinds of relaxation process of matrix resin and also to the morphology of the composites. DMA is a sensitive and versatile thermal analysis technique, which measures the modulus (stiffness) and damping properties (energy dissipation) of materials as the material are deformed under periodic stress (Saha, A.K., Das, S., Bhatta, D. and Mitra, B.C., 1999) . Since polymer melt flow behavior is strongly affected by the nature of the filler type, including its morphology, surface chemistry and concentration, rheological studies can also assist in the development of formulations designed to facilitate industrial processability.
The motivation of this work is to prepare biodegradable polystyrene composite by adding waste agricultural residues (residual softwood sawdust (RSS)) to commercial polystyrene and analysis this composite mechanically compared to the original material of neat polystyrene.
Experimental Part

Materials and Preparation
In this study PS composite was prepared by adding commercial PS to residual softwood sawdust. The PS used has high molecular weight of 280000 g/mol (280K). Saw dust used in this study is waste agricultural residues (residual softwood sawdust (RSS)) Which was provided from Egypt. The residual softwood sawdust was prepared by drying and shredding in a particle size of about 1mm. 7 wt% fibers were added to the PS. The size of the fiber is expected to be lower than millimeter scale after mixing with molten PS. Composite samples were prepared by dry mixing homogeneously the fiber with the polymer followed by melt mixing at about 300°C for 2 hours because the glass transition temperature of neat polystyrene is 100°C, fillers shift the glass transition temperatures that means 300°C was chosen as the lowest temperature needed for 2 hours to incorporate the fiber into polystyrene with molecular weight 280000 g/mol. The samples were prepared under that condition (300°C for 2 hours) to ensure getting homogeneous distribution of the fibers throughout the polymer sample. Molten-sate sample (at 300°C ) was molded at 5 bars for 30 minutes.
The samples were shaped in the disc form with diameter around 25 mm and thickness about 2 mm. The samples of neat PS were moulded also with the same dimensions of 25 mm diameter and 2 mm thickness at about 250°C under 5 bars for about 30 minutes.
Instrument and Measurements
The melt rheological properties of the material were determined using ARES-rheometer (Rheometric Scientifics, USA). The ARES instrument is a modular and extendable rheometer works under nitrogen atmosphere in a wide range of temperatures and frequencies. During testing at or above ambient temperature, gaseous nitrogen is used. The sample to be tested is positioned between two plates in the test station. Upper plate is connected to the transducer and lower plated is connected to motor. Before placing the sample, the normal force of the system should be kept around zero. The sample is positioned on the lower plate followed by lowering the stage until the sample just contacts the upper plate completely. The actual gap size is read electronically and this allows absolute moduli to be determined. In this work the measurements were performed in the dynamic mode and 25 mm parallel plates geometry with gap settings about 2 millimeters. The soak time at the measuring temperature was 4 minutes. That soaking time is required to transfer the heat homogeneously throughout the sandwiched samples between the plates and stabilizing the temperature before starting the measurement. The strain amplitude was kept to be 1% in the whole frequency range to ensure linearity and 8 points per frequency-decade were obtained. The samples were measured in a range of temperature from 140 to 240°C with interval temperature 10°C as a function of frequency.
The frequency ω, varied from 10 -1 and 10 2 rad/s. Horizontal and vertical shift factors were obtained from a two dimensional shifting.
Results and Discussion
The log-log curves of the data measured at different temperatures were superposed into master curve at a reference temperature, T 0 , by shifting in the horizontal and vertical directions as shown in Fig. 1 . In this Figure the shear complex modulus (G*) is plotted for unshifted and shifted data as a function of frequency. G* decreases with increase the temperature as seen in the case of unshifted data. The experimental data were shifted into a single curve (master curve) by using of the time-temperature superposition principle which described by (Ferry, J.D., 1980) as:
Where aT is the empirically derived shift factor and constants C1 and C2 are material specific and their values are listed in Table 1 . T 0 is chosen in this study to be 160°C. Table 1 shows variation in the shifting accuracy from sample to sample. That indicates the difficulties in shifting such materials (composites) using WLF principle unlike linear homopolymeric materials.
The aT shifts the data obtained at different temperatures along the log frequency, ω axis as shown in Fig.1 and in vertical direction is given purely by b T Pearson, D., Fetters, L. and Grassley, W., 1994 ) .
Where ρ is the material density and the shift factors for these samples are plotted with respect to temperature in Fig. 2 . a T decreases by increasing the temperatures up to a certain limit then becomes somewhat independent on the temperature. b T is nearly independent on the temperatures up to around 200°C then decreases by increasing the temperature as shown in Fig. 2 .
The master curves of the shear complex modulus, G* for the fiber-filled and unfilled PS at 160°C is logarithmically plotted against the frequency (angular) in Fig. 3 . This quantity of G* can be resolved into real (G') and imaginary (G'') components such that G*= G' + i G'' (Heinrich, G. and Kluppel, M., 2002) . Where G' is the ability of the material to store energy in the cycle of the deformation, for that it is called storage modulus and G'' is defined as the ability of the material to dissipate the energy per cycle of the deformation and it is called loss energy. The dynamic spectrum of shear storage modulus (G') and shear loss modulus (G'') with respect to frequency contains information regarding the manner in which a sample responds to small magnitude deformation applied over varying temperatures and time scale. The master curve of G* displays three distinct regions of behavior and that is typically for flexible-chain monodisperse homopolymer as the glass transition, rubbery plateau, and terminal zones when going from high frequency to low frequency. The glass transition zone is the regime between the glass and rubber-like zones at which the deformation frequency is high compared to the average relaxation time of the polymer chain. Since some molecular chain segments can not move while some are free to move. If the stress is initially applied, the segment will move in such a manner as to reduce the stress on it. After moving, the segment has less stored energy because of the reduction in stress, so the excess energy was dissipated as heat and the observed modulus is high as shown in Fig. 3 . As the frequency of deformation decreases, G* decreases until the intermediate at which the rubbery plateau is observed. This rubbery plateau region is independent on the frequency (the flatness of G* (ω )) over several decades of frequency as seen in Fig. 3 . It reflects the rubber-like Table 1 . WLF constants of PS and PS composites at T 0 = 160 o C
properties of the polymer and indicating that polymer chains have sufficient time to relax locally but at adequately high molecular weights are entangled and exhibit behavior consistent with rubbery network (network like structure reflects in rubbery regime). Figure 3 shows that G* modulus for the filled PS with 7% RSS is higher than this of neat PS. Numerically at around 50 radians/s the value of G* increased from 0.15 to 0.23 MPa by the incorporation of 7% filler.
Generally speaking, the incorporation of fibers as fillers into polymeric material matrix results in high specific strength and modulus for polymer composites based on those fillers. Moreover, these fillers have easy processability due to their nonabrasive nature, which allows high filling levels therefore resulting in enhancing the cross links density hence the physical network structure. Their nonabrasive nature also leads to relatively reactive surface, which can be used for grafting specific groups of polymers, accordingly, the density of chemical cross links increases.
As shown in the results the complex modulus increases by introducing of filler in polystyrene. The main reason, which can be summarized from the explanation above, is because of the formation of the physical polymer-fiber network, which leads to increase the strength of the PS composite. Here, the contribution of the chemical cross links can not be completely ignored since it can be formed even as non-significant contribution compared to the physical network like structure. Fig. 4 and rubbery in Fig. 5) can not be clearly seen in these figures for insufficient high molecular weights of polystyrene. Additionally, the effect of thermal degradation can not be ignored that may be occurred under the preparation conditions of PS composites (at 300°C for 2 hours).
The same effect of the addition of RSS is found in the shear compliance where the decrease in the J'(ω) (Fig. 4) and J''(ω) (Fig.5 ) of filled PS compared to the unfilled PS. As an example in Fig. 4 at equals to100 radian/s the value of J' changed from 8.7 10 -6 to 4 10 -6 Pa -1 by the addition of 7% RSS. This is caused by the formation of the network (physical network-like structure), hence the increase in the strength of the PS/RSS composite. Fig. 6 as a function of frequency for filled and unfilled PS. Tan δ measures the imperfection in the elasticity and it indicates the relative degree of viscous to elastic dissipation of the material. Therefore, tan δ is called the loss factor. Figure 6 shows a decrease in tan δ with the frequency followed by increasing again and the minimum of tan δ is in the range of about 25 to 80 radian/s for both of filled and unfilled PS. The minimum in tan δ reflects the minimum in loss energy per cycle of the sinusoidal deformation, which is related to the rubbery regime where the perfection of the elasticity due to the entanglements of the polymer chains. Tan δ is shown to increase by the addition of the fillers as seen in Fig. 6 . The complex viscosity η* is plotted versus ω in Fig.  7 and it is related to the dynamic viscosity, η' as, η* = η' -iη''. η* decreases monotonically with increasing ω and falls by many orders of magnitude as shown in Fig.  7 . At very low frequencies, particularly in the case o f unfilled PS, η* approaches the zero-shear viscosity, ç 0 (Newtonian viscosity branch) where the viscosity is independent on the frequency and ç 0 can be obtained ., 2000) . Figure 7 shows an increase in the viscosity for 7% fiber -filled PS compared to unfilled PS, particularly in the Newtonian viscosity branch. Since the values of η 0 are about 2.8 ×10 5 and 1.1×10 5 Pa.s for PS composite and neat PS, respectively. This increase in η* by the incorporation of 7% RSS may be because the formation of a layer of immobilized polymer chains around the fiber. That is generally as described by Einstein equation, which predicts the viscosity of a Newtonian fluid containing a very dilute suspension of rigid spheres as, η =η 1 (1+ K E × φ) where η is the viscosity of the mixture, η 1 is the viscosity of the suspending liquid and φ is the volume fraction of fillers and K E is the Einstein coefficient which for spherical particles is 2.5 and vary according to the particle shape and orie ntation (Hornsby, P.R., 1999) shows in Fig. 7 , the presence of fibers in viscous PS melts not only increases its viscosity but also influences its shear rate dependency which alters the beginning of frequencies -independent . Where the beginning of frequencies -independent is shifted by the incorporation of 7% RSS filler from 0.032 (in the case for neat PS) to 0.057 radian/s (in the case of PS composite) as shown in Fig. 7 . The torque is investigated for the samples of neat PS and PS composite and logarithmically plotted as a function of the frequency as shown in Fig. 8 . In this Figure the torque increases monotonically by many orders of magnitude with increasing up to about 4 radian/s then increases gradually. And the value of the torque for PS composite is higher than this of neat PS. As shown in Fig. 8 , at 100 radian/s the torque increased from 4.7 10 -3 to 7 10 -3 NM. This because of the increase in the strength and stiffness of the PS by the addition of the RSS since the formation of a polymer matrix-fibers network consisted of polymer chains and fibers.
The shear re laxation modulus G(t) for fiber-filled and unfilled PS is plotted against time with logarithmic scales in Fig. 9 . The modulus G(t) defined as the relaxation stress/strain ratio at constant deformation. At intermediate times G(t) flattens somewhat at a le vel which is associated with the average spacing between entanglement coupling points. The height of G(t) at the intermediate time (rubbery zone) is the plateau modulus, o G N . In this study o G N was evaluated from the rubbery zone in G(t) to be about 0.23 and 0.18 MPa for 7% fiber filled -PS and unfilled PS, respectively as shown in Fig. 9 . And generally Fig. 9 shows higher G(t) for fiber-filled samples than this in the cases of unfilled sample. This again evidence f or the high stiffness and strength of composites compared to neat PS. The width of the rubber -like regime for PS composite is observed to be longer than this of neat PS. It may be because of the formation of the temporary entanglements between the cellulos ic fiber and the polymer chains and that is proved too at the longest relaxation time. At long times G(t) falls sharply and approaches the longest relaxation time, τ d .τ d is defined as the time required to leave the chain completely its tube (the constraint of their surrounding chains) by reptation or snake -like motion. τ d is enlarged for fiber -filled PS, since it increases from around 1.1 second to 4 seconds by the addition of 7% filler as shown in Fig . 9 . That is due to the resistance of the fiber for t he mobility of the chain due to the formation of the temporary entanglements. Therefore , the time needed for the chains to move within the constraint of their surrounding molecules is long.
The observations in Fig. 9 are found for the shear creep stress, J(t) in Fig. 10 , as the logarithmic plots of J(t) have roughly the appearance of mirror image of G(t) plot reflected in the time axis. In Pa -1 for filled and unfilled PS, respectively , as explained above due to the networks formation.
The relaxation spectrum H (Fig. 11 ) and retardation spectrum L (Fig. 12) are logarithmically plotted versus time. They refer to the deformation in shear. Besides, they are useful qualitatively in gauging the distribution of relaxation and retardation mechanisms, respectively in different regions of the time scale. In polymers a broad spectrum of relaxation times exists due to the large freedom of polymer chain configurations. These
Figures indicate the effect of the addition of fiber to the PS, since the increase in the strength and stiffness of PS by the addition of RSS reflects in relaxation and retardation spectrum as shown in Fig. 11 by the incorporation of 7% filler to the sufficiently high molecular weight PS. 
Conclusions
The viscoelastic properties are improved by the addition of residual softwood sawdust (RSS) and their values rise with filler loading. Therefore, fiber-filled composites have much potential for applications of environmental friendly plastics owing to their strength and stiffness. 
